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Mid-ocean ridge magma is produced when Earth’s mantle rises beneath the ridge 24 
axis and melts as a result of the decrease in pressure. This magma subsequently 25 
undergoes cooling and crystallization to form the oceanic crust. However, there is no 26 
consensus on where within the crust or upper mantle crystallization occurs1-5. Here 27 
we provide direct geochemical evidence for the depths of crystallization beneath 28 
ridge axes of two spreading centres located in the Pacific Ocean: the fast-spreading-29 
rate East Pacific Rise and intermediate-spreading-rate Juan de Fuca Ridge. 30 
Specifically, we measure volatile concentrations in olivine-hosted melt inclusions to 31 
derive vapour-saturation pressures and to calculate crystallisation depth. We also 32 
analyse the melt inclusions for major and trace element concentrations, allowing us 33 
to compare the distributions of crystallisation and to track the evolution of the melt 34 
during ascent through the oceanic crust. We find that most crystallisation occurs 35 
within a seismically-imaged melt lens located in the shallow crust at both ridges, but 36 
over 25% of the melt inclusions have crystallisation pressures consistent with 37 
formation in the lower oceanic crust. Furthermore, our results suggest that melts 38 
formed beneath the ridge axis can be efficiently mixed and undergo olivine 39 
crystallisation in the mantle, prior to ascent into the ocean crust. 40 
   41 
 42 
Many fast- and intermediate-spreading centers are characterized by a thin (tens of 43 
meters), shallow crustal magma chamber beneath the ridge axis6-8.  This melt lens plays a 44 
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key role in controlling the composition of lavas erupted at a ridge axis, as it provides a 45 
reservoir in which incremental melts produced during decompression melting9 can be 46 
pooled prior to eruption10-12.  The crust below the melt lens consists of ~2–18% melt 47 
within a network of phenocrysts13 and is often referred to as the mush zone12.  One end-48 
member model for lower crustal accretion suggests that all mush zone phenocrysts 49 
crystallize in the shallow melt lens and then subside through downward/outward flow to 50 
create the lower oceanic crust1-3. However, this top-down (“gabbro glacier”) model 51 
advocating focused accretion has been challenged in favor of distributed accretion 52 
models in which crystallization occurs over a range of depths within the crust4,5,12.  These 53 
models suggest that the lower crust forms via in situ crystallization through (1) 54 
continuous fractional crystallization of melts during ascent through the crust12 and/or (2) 55 
injection of melts in a series of sills that crystallize to various extents throughout the crust 56 
4,5.  57 
To determine where melts crystallize and how melt compositions evolve within 58 
the crust, we examined major, trace, and volatile concentrations in 163 olivine-hosted 59 
melt inclusions (melt trapped in crystallizing mineral phases) from two magmatically 60 
robust mid-ocean ridges (MORs): the fast-spreading northern East Pacific Rise (EPR) 61 
and the intermediate-spreading southern Juan de Fuca Ridge (JdFR). Volatile contents 62 
(CO2 and H2O) can be used to calculate pressures of melt entrapment in phenocrysts, 63 
assuming that the melt is vapor-saturated14.  Using this approach, we estimate depths of 64 
crystallization for melt inclusions from four ridge segments where shallow axial magma 65 
chambers have been imaged seismically: EPR 9°50’N (melt lens depth ~1.4 km below 66 
seafloor; bsf)7, EPR 12°48’N (~1.5 km bsf)6, JdFR Cleft segment (~2.0 km bsf)8, and 67 
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JdFR Vance segment (~2.7 km bsf)8.  In general, the depth to the melt lens is greater at 68 
the JdFR, where slower spreading rates result in cooler crust and thicker axial 69 
lithosphere3.  Geophysical studies at 9°50’N (EPR) also suggest a second, deeper melt 70 
lens exists at ~5.4 km bsf, corresponding to the approximate depth of the crust-mantle 71 
transition13.   72 
Volatile concentrations of the melt inclusions indicate that crystallization occurs 73 
over a wide range of depths regardless of spreading rate (Fig. 1).  Crystallization depths 74 
range from 291 to 7410 m bsf at 9°50’N (EPR) and from 368 to 9600 m bsf (JdFR); melt 75 
inclusions formed at 12°48’N (EPR) exhibit a more limited range of crystallization 76 
depths (934 to 2333 m bsf).  At both ridges, the greatest percentage of crystallization is 77 
coincident with the location of the seismically inferred melt lens (Fig. 2), with ~72% 78 
(EPR) and ~51% (EPR) of the total depth estimates indicating crystallization within 1 km 79 
of the melt lens. The “peak” in the distribution of crystallization is deeper on the JdFR 80 
(~2.5–4 km bsf) compared to the EPR (~1–2.5 km bsf), consistent with thicker, colder 81 
lithosphere.  Crystallization depths also record shallower signatures at Cleft compared to 82 
Vance segment (Fig. 2), in agreement with a deepening of the melt lens from ~2.0 to ~2.7 83 
km8.  84 
The majority of the remaining melt inclusions (>25% at both ridges) record 85 
crystallization depths below the seismically-inferred melt lens (Fig. 2), indicating that 86 
crystallization is not restricted to the shallow crust.  The percentage of melt inclusions 87 
entrapped at a given depth should not be directly interpreted as the percentage of 88 
crystallization occurring at that depth, as it is likely more difficult to erupt olivine 89 
phenocrysts formed deeper in the system.  Thus, the percentage of crystallization 90 
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observed in the lower crust is taken as a minimum of the true crystallization 91 
distribution—indicating that significant accretion occurs beneath the melt lens. These 92 
observations are inconsistent with purely top-down (“gabbro glacier”) models1-3 for 93 
crustal accretion, and instead favor distributed accretion, albeit with significant 94 
crystallization in the melt lens.  Interestingly, all melt inclusions from 12°48’N have 95 
shallow crystallization depths.  This may indicate a sampling bias where only olivines 96 
crystallizing in the melt lens are incorporated into the erupting magmas or it may suggest 97 
that in some instances shallow crystallization is the dominant accretion process.  Few 98 
melt inclusions have crystallization pressures above the melt lens (< 5%), suggesting that 99 
little crystallization occurs during ascent to the seafloor (Fig. 2).   100 
A key assumption in using volatile concentrations to estimate crystallization 101 
depths is that the melt inclusions are vapor-saturated.  Studies modeling bubble 102 
nucleation/growth suggest that melts formed in the upper mantle become super-saturated 103 
with CO2 by factors of up to 1.5 at depths of ~20-45 km15,16.  At these super-saturation 104 
ratios, calculations suggest that bubbles nucleate rapidly resulting in degassing of CO2 105 
until vapor-saturation is reached.  In these models, rising melts remain saturated until 106 
they reach the melt lens; however, super-saturation can occur during the rapid ascent of 107 
magmas from the melt lens to the seafloor15,17-19 (see Methods).  This is consistent with 108 
vapor-saturation pressures calculated for our host-glasses, which lie between the melt 109 
lens and seafloor (Fig. 1).  However, no glasses have saturation pressures below the melt 110 
lens, suggesting that seafloor eruptions are fed from the melt lens (Fig. S6).  In contrast, 111 
magmas may have anomalously low vapor-saturation pressures if the initial mantle melt 112 
was under-saturated.  Olivine-hosted melt inclusions erupted in the Siqueiros transform 113 
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fault (EPR) suggest that the MORB source mantle may include an under-saturated 114 
component20; however, under-saturation is not observed in other studies of volatiles in 115 
melt inclusions21 or basaltic glasses17-19. We find no evidence for under-saturation in our 116 
data set (all calculated pressures are greater than the corresponding seafloor; Fig. 1), 117 
suggesting that melts originating beneath the center of a ridge segment are not under-118 
saturated. Therefore, we infer that the vapor-saturation pressures derived from our melt 119 
inclusions provide a reasonable estimate of pressure of inclusion entrapment.  120 
We use crystallization depths, combined with major and trace element data to 121 
evaluate magma compositions prior to homogenization in the melt lens and to assess melt 122 
evolution during ascent through the crust (Fig. 3).  Lavas erupted at fast-spreading ridges 123 
generally have less compositional variability than those from slow-spreading ridges; this 124 
is commonly attributed to efficient homogenization of melts in shallow magma chambers 125 
at fast-spreading ridges10-12.  Melts entering the base of the crust at all spreading rates, 126 
however, may have significant chemical variability, reflecting compositions produced via 127 
fractional melting over the entire melting regime9,22.  Thus, this compositional variability 128 
should be preserved in melt inclusions formed below or in the absence of a melt lens.  129 
This hypothesis is supported by the wide range of compositions observed in melt 130 
inclusions from the Mid-Atlantic Ridge (MAR)23, which typically lacks a steady-state 131 
magma chamber.  However, trace element compositions of melt inclusions from a 132 
magmatically robust segment of the ultraslow-spreading Gakkel Ridge are remarkably 133 
homogeneous, indicating that melts from ultraslow-spreading systems can be 134 
homogenized in the mantle prior to crystallization21.   135 
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Melt inclusion compositions from individual locations/eruptions at the EPR and 136 
JdFR are relatively limited compared to the MAR23 (Fig. S4), show no consistent 137 
variation with depth in the crust (Fig. 3), and can be explained primarily by fractional 138 
crystallization from a single parent melt composition (Figs. S1 and S2).  At both EPR 139 
locations, melt inclusions have normal mid-ocean ridge basalt (N-MORB) compositions 140 
with relatively limited La/Yb ratios (0.90 to 1.91; Fig. 3c) compared to the MAR (La/Yb 141 
0.28–4.0)23, however, the 2005–2006 melt inclusions are less variable than 1991 melt 142 
inclusions (Fig. 3c).  Similarly, with the exception of one depleted sample (La/Yb = 0.35), 143 
melt inclusions from the JdFR have relatively uniform La/Yb ratios (1.0 to 1.5) that 144 
increase slightly with decreasing depth in the crust (Fig. 3).  This overall lack of 145 
variability in trace element ratios either suggests that initial melts formed in the mantle 146 
beneath the ridge axis are relatively homogeneous (batch melting) or that melts with 147 
variable compositions are commonly homogenized in the mantle prior to crystallization. 148 
There is abundant evidence of fractional melting beneath MORs9; therefore, we favor the 149 
latter model in which incremental fractional melts are pooled in the mantle before 150 
entering the crust.  Moreover, melts entering the crust (~5.4 km bsf on the EPR13) are 151 
more evolved (Mg# ≤ 68) than melts in equilibrium with mantle peridotite (Mg# >7012), 152 
suggesting that significant crystallization occurs in the mantle (Fig. 3b).  153 
The crust-mantle transition likely generates a permeability barrier4, which 154 
facilitates melt pooling, homogenization and crystallization prior to ascent into the 155 
overlying crust. This is consistent with geophysical evidence of melt aggregation at the 156 
base of the oceanic crust near 9º50’N (EPR) from both compliance13 and seismic24 157 
studies.  Furthermore, frozen melt bodies are observed in seismic data off-axis at the 158 
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crust-mantle transition25 and there is geologic evidence of melt pooling at the base of the 159 
crust in ophiolites5,26.  Although melt inclusion data from the EPR and JdFR do not show 160 
a deep, secondary crystallization peak at the base of the crust (Fig. 2), this may reflect the 161 
difficulty in transporting and erupting olivine phenocrysts from below the crust-mantle 162 
transition.  An alternative mechanism for homogenization is that magma mixing occurs 163 
during melt extraction or migration through the mantle, possibly within a decompaction 164 
channel that forms at the base of the lithosphere as melts are transported toward the ridge 165 
axis27,28.  166 
This study shows that melts can be efficiently pooled and homogenized in the 167 
mantle beneath fast- and intermediate-spreading centers (Fig. 3).  It is possible that long-168 
lived magma reservoirs at the crust-mantle transition are only thermally viable in 169 
magmatically robust spreading environments.  This could explain the more diverse range 170 
of melt inclusion compositions observed along the MAR23 compared to the EPR and 171 
JdFR.  This can also be reconciled with homogeneous Gakkel Ridge melt inclusions21, as 172 
these were erupted along a magmatically robust section of the ultraslow-spreading center.  173 
Thus, we hypothesize that melts can be pooled in the mantle beneath magmatically robust 174 
sections of ridges at all spreading rates, but is more common at faster-spreading ridges.  175 
The longevity of the deep melt lens is likely dependent on magma supply. Therefore, 176 
compositional variability of melts entering the crust may fluctuate temporally, accounting 177 
for the range of La/Yb ratios in the 1991 eruption (Fig. 3). 178 
Pooled melts may continue to evolve during their ascent through the ocean crust 179 
or in the shallow melt lens. However, melt inclusion compositions do not show a simple 180 
trend of increasing fractional crystallization with decreasing depth (Fig. 3), which would 181 
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result in a general decrease in MgO, CaO, Al2O3 and Sr depending on the phases 182 
saturated in the melt (olivine, plagioclase, and clinopyroxene).  This implies that melts 183 
are not simply migrating through the ocean crust, while undergoing increasing degrees of 184 
fractional crystallization.  Our data also show that the more mafic melts measured in the 185 
melt inclusions (MgO >9.5) are observed at all depths within the crust, while the more 186 
evolved melts are restricted to the shallower crust, in or near the melt lens.  Therefore, we 187 
favor an accretion model in which some melts ascend through the mush zone without 188 
extensive differentiation, while other melts crystallize during ascent (Fig. 4).  189 
Additionally, the extent of magma differentiation within the crust may vary with 190 
spreading rate, as JdFR melt inclusions are less variable than EPR melt inclusions (Fig. 3).  191 
The combination of melt inclusion compositions and vapor-saturation pressures 192 
provides a powerful tool for understanding crustal accretion processes and melt 193 
differentiation at MORs.  Using this method, we directly determine where within the 194 
crust crystallization occurs and track the evolution of melts as they ascend from the 195 
mantle through the crust.   The “peak” in the crystallization distributions correlates 196 
remarkably well with the depth of the melt lens across the different spreading rates. Our 197 
melt inclusion data indicate that there are two regions of melt pooling beneath the ridge 198 
axis and clearly show that homogenization is not restricted to shallow magma chambers.  199 
This calls into question fundamental assumptions regarding the magmatic plumbing 200 
systems beneath fast-spreading MORs and the processes that lead to the relatively limited 201 
lava compositions. Additionally, this technique may be used to determine if there are 202 
regions of melt homogenization at slower spreading ridges, where seismic imaging of a 203 
magma lens is difficult.   204 
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Methods: A total of 163 naturally glassy, olivine-hosted, melt inclusions, host-olivines 206 
and 12 associated glasses from the EPR and JdFR were analyzed for major element and 207 
volatile contents (Tables S1, S2, and S4).  A total of 62 samples were measured for trace 208 
element concentrations (Table S3).  Volatile concentrations (H2O, CO2, F, S, Cl) were 209 
measured on each glassy melt inclusions using the 1280 ion microprobe at WHOI.  210 
Analyses were run using a Cs+ beam and following techniques described in Shaw et al.,29.  211 
Calibration curves were made for each measurement session and a MORB glass standard 212 
(ALV-519-4-1) with compositions similar to the EPR and JdFR melt inclusions, was run 213 
routinely throughout the analyses to monitor instrumental drift.  Major element 214 
concentrations were measured on the JOEL electron microprobe at MIT, using a 10 nA 215 
beam intensity, a 10 μm spot size, and a 15kV accelerating voltage. Compositions of 216 
host-olivines were also determined using an average of 3 analyses per phenocryst, which 217 
included measurements from the melt inclusion to the grain boundary to look for 218 
evidence of compositional zoning.  Trace element contents were determined on a subset 219 
of samples using the 6f ion microprobe at Arizona State University, following methods 220 
outlined in Shaw et al.,21.  Analyses were conducted using a 10 nA focused beam of O- 221 
and energy filtering (-75 eV offset) was applied.  222 
In general, we find relatively low and uniform H2O concentrations at the EPR 223 
(0.10–0.23 wt%) and JdFR (0.12–0.22 wt%), consistent with previous studies of 224 
glasses17,18 and melt inclusions20 from fast- to intermediate-spreading ridges (Fig. 1).  By 225 
contrast, CO2 concentrations show considerable variability with values ranging from 127 226 
to 1770 ppm (Fig. 1). Based on volatile contents in each melt inclusion, vapor-saturation 227 
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pressures were calculated14 and converted to crystallization depths taking into account the 228 
overlying water pressure and assuming a crustal density of 2.9 g/cm3.  The combined 229 
accuracy and precision of the volatile measurements result in a 2-sigma error of ~10%, 230 
which translates into approximately ±1 km in calculated crystallization depths.   231 
 232 
Vapor-Saturation: A key to establishing whether vapor-saturation pressures recorded by 233 
our melt inclusions reflect the conditions of in situ crystallization is that melts migrating 234 
through the upper mantle and lower crust are not super-saturated in CO2. Numerical 235 
models suggest that melts below MORs can be super-saturated with CO2 by a factor of 236 
1.5 at depths of ~45 km15.  However, once this degree of super-saturation is reached, 237 
bubble nucleation will initiate, resulting in rapid bubble growth and degassing of CO2 238 
until saturation is reached in the melt16.  These calculations suggest that super-saturated 239 
melts will equilibrate within one half hour, and afterwards melts will remain at saturation 240 
as they migrate through the mantle until they reach a crustal magma reservoir.  Thus, 241 
melt inclusions formed during this ascent should record the saturation pressures 242 
corresponding to where the inclusion was trapped. 243 
Once melts reach a shallow magma reservoir, however, greater degrees of super-244 
saturation may be required to initiate bubble growth16.  Indeed, MOR glasses erupted on 245 
the seafloor are often super-saturated, which is attributed to rapid ascent of magmas from 246 
the crustal melt lens to the seafloor via dikes17-19.  Such rapid ascent rates are not 247 
typically considered appropriate for melt ascent below the melt lens15, however, rapid 248 
ascent (and thus super-saturation) cannot be ruled out.  Therefore, to test the possibility 249 
that melts entering the melt lens are super-saturated, we examined the maximum 250 
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saturation pressures of erupted lavas at a number of ridge segments (including those in 251 
our study) where the melt lens has been determined seismically.   252 
If super-saturated melts are entering shallow magma chambers, we would expect 253 
that some of the glasses erupted from the chamber would preserve these conditions.  254 
Compiling all MOR glasses from the EPR and JdFR with CO2 and H2O data and known 255 
melt lens depths from PetDB, we find that none have saturation pressures below the 256 
seismically imaged melt lens (Fig. S6).  However, 25% of our melt inclusions indicate 257 
either deeper crystallization or entrapment of super-saturated melts.  It would seem rather 258 
fortuitous that no basalts preserve these conditions but ~25% of the melt inclusions 259 
formed in the same magma chambers preserve these signatures. Additionally, if the 260 
relatively high CO2 melt inclusions entrap super-saturated melts that ascended directly 261 
from the mantle or lower crust to the melt lens, then we would expect that these melts 262 
would also be less fractionated then melts that have equilibrated within the melt lens.  263 
However, we observe no correlation between CO2 (or depth) and Mg# (Fig. S3).  264 
Therefore, we conclude that melt inclusions with elevated saturation pressures are the 265 
result of entrapment of saturated melts at various depths within the crust and not from 266 
entrapment of super-saturated melts within the melt lens.   267 
 268 
 269 
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 366 
Figure Captions 367 
 368 
Figure 1 CO2 (ppm) versus H2O (wt%) for melt inclusions and associated glasses 369 
from the (a) EPR and (b) JdFR: Vapor-saturation curves (black lines) for a range of 370 
pressures (200–2500 bars) calculated from Newman and Lowenstern30.  No melt 371 
inclusions or glasses have pressures greater than the seafloor (~250 bars; dashed black 372 
line), suggesting that the melts are not under-saturated.  Vapor-saturation calculations 373 
indicate a wide range of crystallization pressures from the seafloor to >2500 bars. In 374 
contrast, erupted glasses have lower pressures, ranging from the top of the melt lens to 375 
the seafloor.   376 
 377 
Figure 2 Histograms showing the distribution of crystallization depths of melt 378 
inclusions from the (a) EPR and (b) JdFR: Depths were estimated using vapor-379 
saturation pressures, accounting for the overlying water column and a crustal density of 380 
2.9 g/cm3. A statistically determined bin size of 1500 m is used (see supplementary 381 
material); however, changing the bin size (1000–2000 m) does not significantly change 382 
the overall shape of the histograms (Figure S3). The melt lens depth is shown for each 383 
ridge7,8.  Over 50% of the melt inclusions have crystallization depths consistent with 384 
formation in/near the melt lens (± 1 km), however, >25% crystallized in the lower crust 385 
or upper mantle.  386 
 387 
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Figure 3 Major Elements Versus Depth: Melt inclusion and glass compositions for the 388 
(a, b, c) EPR and (d, e, f) JdFR versus crystallization depth below seafloor (bsf).  389 
Symbols are the same as Figure 1 and errors on depth measurements are provided.  Melt 390 
lens depths are shown as dashed lines.  We find no trend of increasing fractional 391 
crystallization with decreasing depth in the crust; however, compositions are more 392 
variable in the shallow crust. (a, d) Al2O3 concentrations show no evidence of plagioclase 393 
crystallization or assimilation. LaN/YbN ratios (c, f) are relatively limited for each 394 
location/eruption, suggesting that melts are pooled and homogenized in the mantle.  395 
Average N-MORB27 (0.49) and E-MORB27 (3.1) are shown.  396 
 397 
Figure 4 Schematic diagram of crustal accretion at fast-spreading centers based on 398 
melt inclusions analyses:  The shallow melt lens (orange) forms at the base of the 399 
sheeted dikes (grey) but would be deeper at JdFR compared to EPR. A deeper region of 400 
melt pooling (red) beneath the ridge homogenizes fractional mantle melts prior to 401 
crystallization in the crust.  Melts may crystallize to variable degrees during ascent 402 
(dashed arrows) or may ascend with little to no differentiation (solid arrow).  Sills may 403 
form within in the lower crust; however, the formation of sills is not required to explain 404 
the melt inclusions data.  405 
 406 
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